Introduction
The selectins are a family of calcium-dependent adhesion receptors that can mediate the initial "rolling" interaction between leukocytes and vascular endothelium prior to IeUkocyte extravasation (Lasky, 1992; Varki, 1994) . P-seleCtin, E-selectin, and L-selectin are structurally similar, and each can bind to related fucosylated or sialylated tetrasaccharide structures (or both), such as sialyl-Lewis" (SLe") or sialyl-Lewis" (Foxall et al., 1992) . Additionally, functional binding to P-and L-selectin is maintained after the substitution of sulfate for sialic acid in these oligosaccharides (Yuen et al., 1992; Brandley et al., 1993) . Despite this common binding of sLeX and related structures, it has become clear that the selectins have distinct adhesion patterns and different affinities for sLe"-bearing glycoprotein ligands (Varki, 1994) .
The human myeloid cell line HL-60 has been shown to display sLe%onjugated surface molecules capable of binding both P-and E-selectin (Zhou et al., 1991) . Protease treatment of HL-60 cells abolished the binding of P-selectin but not E-selectin, suggesting that sLe" alone is insufficient for P-selectin binding and some additional component is required (Larsen et al., 1992) . A unique glycoprotein ligand consisting of a homodimer with two disul-*These authors contributed equally to this work.
fide-linked subunits of apparent molecular mass -120 kDa was identified from HL-60 cell membrane extracts following affinity purification using immobilized P-selectin (Moore et al., 1992) . This ligand appears to share identity with P-selectin glycoprotein ligand 1 (PSGL-I), a glycoprotein cloned and characterized from an HL-60 cell cDNA library by using an expression cloning strategy employing P-selectin as a panning reagent (Sako et al., 1993) . CoexpressionofthePSGL-1 cDNAwithacDNAencodinga(l,3/ 1,4)fucosyltransferase (FT3) (Lowe et al., 1990) in COS cells produced functional PSGL-1 that binds to P-selectin in a calcium-dependent manner. Antibodies raised against this recombinant PSGL-1 recognize the major P-selectinbinding protein purified from HL-60 cell membranes (Sako et al., 1993) . PSGL-1 also appears to be the critical calcium-dependent ligand for E-selectin in HL-60 cells (Asa et al., 1995) .
Glycosidase digestion of myeloid and soluble recombinant forms of PSGL-1 revealed the presence of O-linked and N-linked oligosaccharides (Sako et al., 1993; Moore et al., 1994) . These experiments suggested a key role for O-linked, but not N-linked, oligosaccharides in the binding to P-selectin.
At the outset of this study, we sought to identify the unique structural features of PSGL-1 that enable specific recognition by P-selectin. We began by mapping the IOCation of sLe%ontaining O-linked oligosaccharides present on PSGL-1 that are essential for its binding to P-selectin. Inspection of the amino acids encoded by the cDNA indicated that the central portion of the extracellular domain of PSGL-1 contains 15 decameric repeats that are especially rich in prolines and threonines; additional serines and threonines in proximity of prolines extend from the repeats to the amino terminus. Because O-linked oligosaccharide attachment sites are often found at serine and threonine residues proximal to proline residues in glycoproteins (Wilson et al., 1991), we elected to follow a deletion strategy and remove increasing amounts of the putative O-linked oligosaccharide attachment sites. This was done by generating a series of carboxy-terminal truncated mutants of PSGL-1, each of which is fused to a human immunoglobulin G (IgG) Fc domain. The resulting series of soluble dimerit chimeras was used to delineate the minimal domains required for P-and E-selectin binding. We also noted the unusual presence of three potential sites for tyrosine sulfation found near the amino terminus of mature PSGL-1 (Sako et al., 1993). Using site-directed mutagenesis, we have assessed their functional importance in P-and E-selectin binding.
Our results demonstrate that the first 19 amino acids of PSGL-1, containing only a single O-linked oligosaccharide, are capable of binding to P-selectin. We show that this region contains at least one sulfated tyrosine residue that is necessary for high affinity binding to P-selectin. In addition, differential in vitro binding of E-and P-selectin is observed with specific mutated forms of PSGL-1. 
Results

Recombinant
PSGL-I-Fc
Chimeras Are Processed and Secreted as Soluble Dimers Previously, we have shown that a soluble form of PSGL-1, sPSGL-1 .T7, encoding the extracellular amino-terminal 254 amino acids fused to an epitope tag sequence, is capable of binding both P-and E-selectin in a calcium-dependent fashion (Sako et al., 1993) . To define the binding epitope for P-selectin, we fused various lengths of the extracellular domain of PSGL-1 to the heavy chain CH2-CH3 region of IgGl (Capon et al., 1989) . This chimeric format facilitated formation of soluble dimers and enabled rapid purification by protein A-Sepharose.
As shown schematically in Figure 1 A, 253.Fc is the longest of these chimeric fusions and, like sPSGL-1 .T7, contains all potential 0-and N-linked glycosylation sites. The shortest chimera, 19.Fc, contains only the first 19 amino acids and no N-linked glycosylation sites. Expression plasmids encoding these chimeras were cotransfected into COS cells with a plasmid encoding an FT3 enzyme (Lowe et al., 1990) and a plasmid encoding a soluble form of the paired basic amino acid converting enzyme (PACE) (Rehemtula and Kaufman, 1992; Wasley et al., 1993). The rationale for including the PACE was predicated on aminoterminal amino acid sequencing results. Purified recombinant PSGL-1 .T7 produced from COS cells yields a peptide sequence QATEYE, confirming the utilization of the PACE consensus sequence (R. Ettling, H. White, data not shown). Therefore, the PACE plasmid was included in the cotransfection experiments to ensure complete processing of PSGL-1. Figure 1 B demonstrates that all of the truncated forms of PSGL-1 resulting from cotransfections in COS cells were secreted as disulfide-linked soluble homodimers.
Binding of Truncated PSGL-1 -Fc Chimeras to P-and E-Selectin Two different assays were used to monitor the binding of PSGL-1 constructs to P-and E-selectin. The first of these employs soluble chimeric forms of P-selectin or E-selectin covalently coupled to agarose beads and measures the binding of [35S]methionine-labeled PSGL-1 chimeras. Only interactions with sufficient affinity to withstand multiple washing steps yield demonstrable binding. The behavior in this assay of the longest PSGL-1 construct, 253.Fc, is consistent with previous studies of PSGL-I isolated from human neutrophils (Moore et al. , 1992 , 1994 Norgard et al., 1993) . The protein can be reprecipitated by a polyclonal PSGL-1 antibody after purification on protein A-Sepharose and treatment with sialidase, yet no longer can be affinity captured by P-selectin (Figure 2A ). Experiments in which a fucosyltransferase enzyme is omitted from COS cell cotransfections demonstrate the dependence of the protein on fucosylation for activity as well ( Figure 2A) . In all experiments, recombinant PSGL-1 mutants bound to the P-selectin resin are eluted with EDTA and EGTA, demonstrating cation (presumably calcium) dependence of the interaction. The interaction therefore appears to have a dependence on sLeX or a related structure. A titration of the amount of 253.Fc-conditioned medium added into this assay indicates a linear dose response over as much as a 40-fold range, as monitored by autoradiography ( Figure 2A ) and phosphorimager quantitation. Figure 28 shows that each of the truncated forms of PSGL-1 binds to P-selectin with sufficient affinity to be detected in this assay. Surprisingly, even the 19. (pr. A) prior to treatment with sialidase (sial.). The remaining lanes show the effects on P-and E-selectin affinitycaptureof incubating various amountsof conditioned medium with the capture resin. COS cell-conditioned media containing the protein were precipitated using selectin-IgG chimeras coupled to agarose beads, eluted with EDTA and EGTA, and run on SDSpolyacrylamide gel under reducing conditions. (B) Autoradiograph of PSGL-l-IgG chimera series affinity captured by P-and E-selectin and eluted with EDTA and EGTA as above. Numbers on the left column correspond to molecular mass markers. (C)Cell binding assay. Microtiter plate wells were coated with purified PSGL-I-IgG chimeras or human IgG antibody at 2 pglml and incubated with 'H-thymidine-labeled CHO cells expressing membranebound P-selectin, E-selectin, or negative control (DUKX) cells. Figure  2C shows the results of this assay.
As In addition, the present results suggest that the N-linked oligosaccharides on PSGL-1 also are not required for E-selectin binding.
Next, we examined whether sulfation of PSGL-1 is importantfor its binding to P-selectin. A metabolic inhibitor of ATP sulfurylase activity, sodium chlorate (Lipmann, 1958), was used to prevent sulfation of both natural PSGL-1 on myeloid cells and recombinant PSGL-1 in COS cells. Papain-treated HL-80 cells were incubated in the presence or absence of 50 mM chlorate for 48 hr. Analysis by fluorescence-activated cell sorting, employing fluorescently labeled selectin chimeras, demonstrated a significantly decreased level of P-selectin reactivity with PSGL-1 on the surface of chlorate-treated cells. Surface expression of PSGL-1 on these cells was confirmed with a fluorescently labeled monoclonal antibody to PSGL-1 (data not shown).
Sodium chlorate treatment of COS cells producing the 148.Fc protein also yielded PSGL-1 with markedly reduced P-selectin binding ( Figure 3B ), indicating the importance of sulfation for PSGL-1 function. In contrast, E-selectin binding was completely unaffected by sodium chlorate treatment of myeloid cells or COS cells expressing 148.Fc (Figure 38 ).
The Critical Sites of PSGL-1 Sulfation Reside on the Amino-Terminal Tyrosines Because sodium chlorate inhibits both carbohydrate and tyrosine sulfation, the sites of critical sulfation could be on O-linked oligosaccharides, one or more of these tyrosine residues, or both. Since the first 14 residues of PACEprocessed PSGL-1 contain a region with several potential sites of tyrosine sulfation (Huttner and Baeuerle, 1988), the The amino-terminal 19 amino acids of mature (PACE-cleaved) PSGL-1 are shown. A bulge over residues 4-11 denotes one recognition component, comprising one or more sulfated tyrosines and four acidic residues, The structure drawn above position 16 indicates the second component,
an O-linked oligosaccharide modified with sLe"or possibly another sialylated fucosylated structure. Both components are necessaryfor high affinity binding to P-selectin, but only the latter component is critical for E-selectin binding.
( with 10% of normal concentrations of cysteine and methionine (Gibco) as well as 100 mM sodium chlorate (Fluka). Labeling was carried out for 6-7 hr by adding the same medium, supplemented with 5% dialyzed fetal calf serum, 10 mM HEPES (pH 7.2) and either%-labeled sulfate or methionine (New England Nuclear).
Control labelings were done in chlorate-free medium. Conditioned media were collected after labeling, aprotinin and sodium azide were added to 0.1% and 0.05%, respectively, and the conditioned media then were centrifuged to remove cell debris and detached cells. Labeled conditioned media, mixed 1:2 with affinity capture buffer (TBS, 5 mglml BSA, 2 mM CaC&, 0.04% Triton X-100, and 0.02% sodium azide), were added to affinity resins, and the mixtures were gently inverted overnight at 4%. Resins then were washed extensively with BSA-free affinity capture buffer and batch-eluted with TBS containing 5 mM EDTA and 5 mM EGTA. For control affinity precipitations, protein A-Sepharose 4 fast flow (Pharmacia) or a polyclonal rabbit anti-PSGL-I antibody, Rb3443, coupled to Affi-Gel 10 was used. The antibody was raised against a peptide comprising the first 15 amino acids of the mature PSGL-1 amino terminus. Quantitative analysis was carried out by using ImageQuaNT software and a phosphorimager (Molecular Dynamics). Data were normalized for differential expression and labeling by using Rb3443 immunoprecipitation data.
Cell Binding Assay COS cells were transfected with the various PSGL-1-IgG chimera plasmids as for the affinity capture assay. Serum-free medium (50 ml), collected 40-64 hr posttransfection from 1 x 1O'COS cells, was purified on a column of 0.25 ml of protein A-Sepharose equilibrated with TBS plus 2 mM CaCI,. After washing with 20 ml of TBS plus 2 mM CaC12, the bound material was eluted with 0.5 ml of 0.1 M acetic acid, 0.15 M NaCI, 2 mM CaCl*. The eluted material was neutralized with 5% volume of 3 M Tris (pH 9.0) and dialyzed against TBS plus 2 mM CaCI,, 0.1 mM PMSF. The material was quantitated by measuring absorbance at 280 nm and by Coomassie blue staining of SDS-polyacrylamide-Laemmli gels. The protein concentration was adjusted to 2 pglml prior to assay.
Microtiter plates (48 well, untreated: Corning) were coated for 16 hr at 4% with 0.2 ml of purified sPSGL-I-Fc chimeras.
The unbound material was removed, and the coated wells were treated with Hanks' buffered salt solution with 10 mglml BSA and 2 mM CaCk for 1 hr at 4%. CHO-P-selectin,
CHO-E-selectin, and CHO-DUKX cells(Larsen et al., 1992) were labeled by overnight incubation with 3H-thymidine (New England Nuclear), and counts per minute per number of ceils was recorded.
Cells (2 x 105) were added to the prepared microtiter plates and incubated for 6 min at room temperature.
The plates were washed four times with Hanks' buffered salt solution, 2 mM CaC& and trypsinized, and the bound cells were quantitated by scintillation counting.
Sialidase Treatment of PSGL-1 Chimeras [%]methionine-labeled 253.Fc or 19.Fc mutant constructs, purified from conditioned medium by protein A-Sepharose chromatography, were incubated with sialidase from Arthrobacter ureafaciens (Calbiothem) in a buffer containing 150 mM NaCI, 60 mM sodium acetate, 6 mM calcium chloride, and 0.02% Triton X-100 at pH 5.5. After a 16 hr digestion with 200 mu/ml enzyme at 37OC, the samples were diluted into affinity capture buffer, incubated with either P-selectin coupled to Affi-Gel 15 or rabbit polyclonal antibody Rb3443 coupled to Affi-Gel IO, and processed as described above. , 1992) . The "S-labeled conditioned medium was incubated with protein A-Sepharose, and the bound protein was run on a 12% SDS-polyacrylamide gel and transferred to Immobilon-P (Millipore). The filter was exposed to film, and the labeled band of interest was excised from the membrane and transferred to a Tuftainer (Pierce). Degassed 0.2 M barium hydroxide was added, and the tube was sealed under NP and baked for 16 hr at 110%. Following neutralization and lyophilization, the pellet was resuspended in 7.6% acetic acid, and 2.2% formic acid. We added 5 ng each of unlabeled tyrosine sulfate and threonine sulfate to the sample to run as standards.
The sample was spotted onto 20 x 20 cm 100 Km cellulose thin-layer sheets (Kodak) and two-dimensional electrophoresis was performed. The standards were visualized with 1% ninhydrin in acetone, and tyrosine [%]sulfate was detected by phosphorimager analysis (Fuji) and autoradiography.
